We investigate the double Higgs production and decay at the 14 TeV LHC and 33 TeV HE-LHC in both the standard model and Randall-Sundrum (RS) model. In our calculation we consider reasonably only the contribution of the lightest two Kaluza-Klein (KK) gravitons. We present the integrated cross sections and some kinematic distributions in both models. Our results show that the RS effect in the vicinities of M HH ∼ M 1 , M 2 (the masses of the lightest two KK gravitons) or in the central Higgs rapidity region is quite significant, and can be extracted from the heavy SM background by imposing proper kinematic cuts on final particles. We also study the dependence of the cross section on the RS model parameters, the first KK graviton mass M 1 and the effective coupling c 0 , and find that the RS effect is reduced obviously with the increment of M 1 or decrement of c 0 .
I. Introduction
The huge gauge hierarchy between the Planck scale and electroweak (EW) scale in the standard model (SM) motivates the proposal of new physics beyond the SM. Among amounts of prospective candidates addressing the hierarchy problem, extra dimensions models stay distinctive for taking into consideration the gravity effects at TeV scale. There are two distinct mechanisms to eliminate the gauge scale disparity in higher dimensions scenario, the large extra dimensions (LED) model, also known as the Arkani-Hamed-Dimopoulos-Dvali (ADD) model [1] , and the Randall-Sundrum (RS) model [2] .
In the scenario of the ADD model, the spacetime is constituted of D = 4 + n dimensions. there is only one extra spacial dimension, which is compactified to an orbifold of the size of the order of M −1 P l . The spacetime in the RS model is warped and has a metric multiplied by an exponential factor which arises from the background AdS 5 spacetime. The gauge hierarchy problem is solved by the exponential factor and the new hierarchy in the ADD model is also avoided. Moreover, the distinct characteristic of the Kaluza-Klein (KK) graviton spectrum differing from that in the ADD model will lead to rich phenomenology at TeV colliders.
The discovery of a new neutral boson with mass of M H ∼ 126 GeV, which is promising to be the SM Higgs boson, is announced by both the ATLAS and CMS collaborations at the CERN Large Hadron Collider (LHC) [3] . It is of great interest for physicists to probe the new found particle's properties to verify whether it is the SM Higgs boson or content of new physics. What's more, the measurement of couplings of Higgs boson with other particles as well as itself is desired to understand the mechanism of electroweak symmetry breaking. The double
Higgs boson production provides an opportunity to probe the Higgs trilinear self-interaction and therefore reconstruct the Higgs potential.
Up to now, the double Higgs boson production has been widely phenomenologically investigated at both pp hadron colliders and e + e − linear colliders [4] [5] [6] . The double Higgs boson production at the LHC in the SM including the next-to-leading order (NLO) QCD corrections has been calculated in Ref. [7] . The evaluation for the next-to-next-to-leading order (NNLO) QCD corrections to SM Higgs boson pair production at hadron colliders within the large top-mass approximation can be found in Ref. [8] . The Higgs boson pair production at hadron colliders beyond the SM has also been explored, such as in the SM with four generation quarks [9] , littlest
Higgs model [10] , universal extra dimensions model [11] , warped extra dimensions model [12] and supersymmetry as well as LED model [13] [14] [15] . In addition, the Higgs boson pair production via vector boson fusion has been studied up to the QCD NNLO in the SM [16] and type-II two-Higgs-doublet model [17] .
In this paper, we study the possible RS effect on double Higgs boson production at hadron colliders. The rest of this paper is organized as follows: In section II we give a brief description of the RS model. The calculation setup of related subprocesses is presented in section III. In section IV we present the numerical results and discussion. Finally, we give a short summary in section V. The relevant Feynman rules are given in Appendix.
II. Related theory
The spacetime in the RS model is assumed to be a 5-dimensional bulk constituted of the (3+1)-dimensional Minkowski spacetime and a warped extra dimension which is compactified on an orbifold S 1 /Z 2 with compactification radius R c . At the fixed points φ = 0 and π of the orbifold, two branes with opposite tensions, the UV brane (Planck brane) and the IR brane (TeV brane), are set, respectively. It's assumed that the graviton propagates in the whole bulk while the SM particles are localized on the IR brane. By solving the corresponding 5-dimensional Einstein's field equation, we get a nonfactorizable metric of the bulk as 
where Λ π = M P l e −kRcπ , M P l = M P l / √ 8π is the reduced Planck scale, and T µν represents the SM energy-momentum tensor. The couplings of the zero mode (n = 0) and massive modes (n = 1, 2, ...) to SM particles are proportional to 1/M P l and 1/Λ π , respectively. Due to the fact that Λ π /M P l ∼ O(10 −16 ), the zero mode decouples from the graviton mass spectrum. The mass of the n th RS KK graviton can be written as
where x n is the n th root of the Bessel function, e.g., x 1 ≃ 3.83, x 2 ≃ 7.02 and x 3 ≃ 10.17.
The mass splitting of the RS KK gravitons is of the TeV order, which implies that the RS KK gravitons can be produced as resonances at multi-TeV colliders.
In this paper we choose the mass of the first KK mode M 1 and the effective coupling constant c 0 ≡ k/M P l as the two independent input parameters of the RS model. The relevant Feynman rules of RS KK gravitons' couplings to SM particles [19] are presented in Appendix. The effective graviton propagator, defined as a sum over infinite tower of RS KK gravitons, in the de Donder gauge can be expressed as
where
and Γ n is the total decay width of the n th KK graviton written as [20, 21] 
∆ yy n is the coefficient for the decay G (n)
KK → yy, and y is the SM particle involved. The explicit expressions for ∆ yy n (y = γ, g, W, Z, ν, l, q, H) are given in Refs. [20, 22] .
III. Calculation Setup
In our calculation we set the quark masses of the first two generations to zero, i.e., 
III..1 Double Higgs boson production in SM
Due to the masslessness of the first two generations of quarks, the dominant contribution to the Higgs boson pair production at a high energy hadron collider in the SM is from the gg fusion and bb annihilation partonic processes. Although the lowest order amplitude squared for gg → HH is of the O(α 2 ew α 2 s ), which is two orders of magnitude in α s higher than that for bb → HH, the gg fusion subprocess can be dominant channel at TeV-scale hadron colliders due to the high gluon luminosity. In this paper we consider the gg → HH and bb → HH partonic processes only at the lowest order for the hadronic production of Higgs boson pair in the SM.
A. Bottom-antibottom annihilation
The LO contribution from the bb → HH channel at a high energy hadron collider in the SM is much less than from the gg → HH channel, e.g., the LO contributions from bb → HH to total cross section at the 14 TeV LHC and 33 TeV HE-LHC are less than 0.185% and 0.163%, respectively. Therefore, it is reasonable to include only the lowest order contribution for the bb → HH channel in the SM calculation. The tree-level Feynman diagrams for the bb → HH partonic process in the SM are shown in Fig.1 . The cross section for bb → HH is expressed aŝ
where p is the three-momentum of one of the incoming partons in center-of-mass system, M 0,bb SM is the Feynman amplitude for the tee-level diagrams in Fig.1 , and dΩ 2 is the two-body phase space element. The first factor 
where G b,b,g/P are the PDFs of bottom, antibottom and gluon in proton, x i (i = 1, 2) is the momentum fraction of a parton in proton P i , and µ f is the factorization scale. Then the integrated cross section for the parent process pp → HH + X in the SM is obtained as
III..2 Double Higgs boson production in RS model
In the framework of the RS model, the Higgs boson pair can be produced via virtual KK graviton exchange, i.e.,
in addition to the production mechanism in the SM mentioned in section III..1.
A. Tree-level contribution
In the SM, only the bb annihilation can give tree-level contribution to the Higgs pair production at a hadron collider. However, in the RS model both the gg fusion and all the
We denote the tree-level cross sections for gg → HH and→ HH in the RS model asσ Since the loop contribution from the SM-like diagrams (shown in Fig.2 ) for the gg fusion subprocess is rather large, we includeσ gg SM in the lowest order integrated cross section for the parent process pp → HH + X and therefore obtain
B. NLO QCD corrections
Due to the smallness of bottom-quark density in proton compared with gluon and lightquarks, the LO cross sections contributed by the bb → HH subprocess at the LHC and HE-LHC in the RS model are less than 0.181% and 0.153%, respectively. Therefore, we include only the LO contribution in the calculation of the bb → HH subprocess in the RS model. 
where M
1,gg
KK and M
1,qq
KK are the one-loop amplitudes for gg → G KK → HH and→ G KK → HH, respectively. In order to deal with the UV divergences, we introduce the quark and gluon wave-function renormalization constants as follows:
By adopting the on-shell renormalization scheme, these renormalization constants are fixed as
are UV and IR regulators, n U V f = 6 corresponds to the six flavors of quarks, and n IR f = 4 is the number of massless quarks. After performing the renormalization procedure the UV singularities are removed, and therefore the NLO QCD virtual corrections to the gg → HH and The renormalized virtual corrections are UV-finite, but still contain soft and collinear IR singularities, which can be canceled by adding the contributions of the related real emission pro-cesses and PDF counterterms. The real gluon emission partonic processes, gg/qq → HHg (q = u, d, c, s), have both soft and collinear IR singularities which can be separated by applying the two cutoff phase space slicing (TCPSS) method [23] . Two cutoffs δ s and δ c are introduced in the TCPSS method to divide the phase space into soft (S), hard collinear (HC) and hard noncollinear (HC) regions. Then the cross sections for the real gluon emission partonic processes can be expressed asσ where q = u, d, c, s and the superscripts V , R, P DF represent the virtual, real and PDF counterterm contributions, respectively.
The real light-quark emission partonic processes, gq → HHq and gq → HHq (q = u, d, c, s), contain only collinear IR singularities. We separate the phase space into collinear (C) and noncollinear (C) regions by using the cutoff δ c . P gg , P, P gq and P qg are the QCD splitting functions [23] , 15) and the "⊗-convolution" is defined as 
IV. Numerical results and discussion
IV..1 Input parameters
The SM input parameters used in our calculation are taken as [25, 26] The effective graviton propagator is a sum over the infinite tower of KK gravitons. Since the KK graviton mass is proportional to the root of Bessel function which increases notably, we may apply a cut on the number of active KK gravitons instead of taking the infinite tower of KK gravitons into consideration. We calculate the cross section σ 0 RS for the Higgs pair production at the 14 TeV LHC and 33 TeV HE-LHC with different numbers of active KK gravitons, and find that the contribution of the n th (n > 2) KK gravitons is less than 0.5% and can be neglected.
Therefore, in the following calculation we consider only the dominant contribution of the first two KK gravitons.
IV..2 Integrated cross section
In Table 1 we list the integrated cross sections for pp → HH + X in the SM and RS model, σ SM and σ RS , at the 14 TeV LHC and 33 TeV HE-LHC. In order to describe the RS effect quantitatively, we define the relative RS effect as δ = (σ RS − σ SM ) /σ SM . From the table we can see that the relative RS effect is about 3.15% at the 14 TeV LHC, and can reach 14.75% at the 33 TeV HE-LHC which could be detectable in experiment.
The RS effect is mainly contributed by the KK graviton resonance production when partonic In Table 2 we list both σ 0 RS and σ RS in the RS model to demonstrate the effect of the NLO QCD correction. We see that the NLO QCD correction always enhances the LO cross section in the RS model, therefore neglecting the NLO QCD correction would lead to an underestimation of the RS effect. With the increment of M cut HH , the NLO QCD correction in the RS model becomes more and more significant, the production rates for pp → HH + X in the SM and RS model go down quickly while the relative RS effect increases rapidly. We can read out from the table that the NLO QCD corrected cross section and the relative RS effect are 0.601 f b, 336% at the 14 TeV LHC, and 15.15 f b, 791% at the 33 TeV HE-LHC, respectively, with the constraint of M HH > 1000 GeV. In the following calculation we fix the lower cut on the Higgs pair invariant mass as M cut HH = 1000 GeV.
In the SM the dominant channel for Higgs pair production at hadron colliders is gluon-gluon fusion via virtual top quark. This production channel begins at one-loop level, however, the higher order QCD corrections to this process are quite significant. The QCD corrections up to the NNLO to the SM Higgs pair production at hadron colliders within the large top-mass approximation are already available in Ref. [8] . By using Eqs. (19) and (20) Higgs pair production channel in the SM significantly. When we take into account these higher order QCD corrections, the relative RS effect will be suppressed by the corresponding QCD K-factor approximately. For example, the relative RS effects at the 14 TeV LHC and 33 TeV HE-LHC for M cut HH = 1000 GeV are reduced to about 179% and 466%, respectively, if the NLO QCD corrections to pp → gg → HH + X in the SM are taken into consideration. .
Then we obtain η = 72%, 55% in the SM and η = 15%, 11% in the RS model at the 14 TeV LHC and 33 TeV HE-LHC, respectively. It shows that the integrated cross sections in both the SM and RS model are sensitive to the factorization/renormalization scale. However, it is more appropriate to take the dynamic factorization/renormalization scale µ = µ 1 in the calculation of the pp → HH + X process in the RS model, because the contribution to the double Higgs production at a high energy hadron collider is mainly from the KK graviton resonance when √ŝ is larger than KK graviton mass. In the following calculation we take µ = µ 1 . (9) 0.36887(7) 0.26494(4) 0.18143(3) 0.13764(3) 
IV..3 Kinematic distributions
Now we turn to the RS effect on the kinematic distributions of final products. In Figs there are two peaks on each curve for dσ RS /dp H T , one is located at p H T ∼ 
IV..4 RS model parameter dependence
We investigate the dependence of the integrated cross section for pp → HH + X on the RS model parameters M 1 and c 0 . In our discussion we take c From the figures we see that the RS effect is quite significant in the region of ∆R τ + τ − < 0.4
and reaches its maximum at ∆R τ + τ − ∼ 0.2, but is rather small and can be neglected when
. This characteristic is due to the fact that the RS effect mainly comes from the resonant KK graviton production, in which the final Higgs bosons are energetic and therefore the separation between the sequentially produced τ + and τ − is small. It is foreseeable that the distribution of the separation between b andb is almost the analogue as between τ + and τ − , therefore is not given in this paper.
We also plot the transverse momentum distributions of final τ + for pp → HH → bbτ For tt production with subsequent decays
apply p miss T < 50 GeV on the missing transverse momentum in the final state to suppress this background. In Table 4 we list the signal event numbers (S), significances ( bbτ + τ − , the signal event number declines seriously while the significance raises at first and then declines. However, the relative RS effect increases with the increment of M cut bbτ + τ − . As the increment of M cut bbτ + τ − to 500 GeV, the signal event number drops to 207 (518) and 1926 (4814) for L = 600 f b −1 (1500 f b −1 ) at the 14 TeV LHC and 33 TeV HE-LHC, separately, but the RS effect could be remained at a visible level and the signal significance is also prominent. If we take a more stringent constraint of M bbτ + τ − > 1000 GeV, which is not the optimum invariant mass cut for signal significance, the relative RS effects can reach about 336% and 791% at the 14 TeV LHC and 33 TeV HE-LHC, respectively. Therefore, we conclude that the double Higgs production is a promising process to explore RS effect at the LHC and HE-LHC.
V. Summary
In this work we study the possible Randall-Sundrum effect on the double Higgs boson production at the 14 TeV LHC and 33 TeV HE-LHC. We consider only the lightest two KK gravitons which provide the dominant contribution to the RS effect. We present the integrated cross sections and some kinematic distributions of final products in both the SM and RS model. The results show that the relative RS effect in the vicinities of M HH ∼ M 1 , M 2 or in the central Higgs rapidity region is quite significant. We find that with the increment of M cut HH , the integrated cross section in the SM declines more quickly than that in the RS model and then the relative RS effect becomes significant. We conclude that with proper kinematic cuts the double Higgs boson production process is promising in detecting the RS effect. We also investigate the dependence of the integrated cross section on the RS model parameters M 1 and c 0 , and find that the integrated Table 4 : The signal event numbers, significances and relative RS effects for pp → HH → bbτ + τ − + X at the 14 TeV LHC and 33 TeV HE-LHC with L = 600 and 1500 f b −1 .
cross section is reduced obviously with the increment of the first KK graviton mass M 1 or the decrement of the effective coupling c 0 . We find that if we take pp → HH → bbτ + τ − + X as the signal process to probe RS effect, it is possible to extract the RS effect on the signal events from the heavy SM background by choosing proper kinematic cuts on final particles.
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Appendix: The Relevant Feynman Rules
The relevant RS couplings [19] used in our calculation are listed below:
(ii) G µν KK (k 3 ) − ψ(k 1 ) − ψ(k 2 ) vertex: 
